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Genetic Analysis of Plasma Sitosterol, Apoprotein B,
and Lipoproteins in a Large Amish Pedigree
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SUMMARY

We previously reported the finding of phytosterolemia, xanthomato-
sis, and hyperapobetalipoproteinemia (hyperapoB) in five siblings
in a large Amish pedigree ascertained through a 13-year-old boy who
died suddenly from advanced coronary atherosclerosis. Here, we
present further analyses of the plasma levels of the plant sterol, sitos-
terol, of low density (beta) lipoprotein (LDL) sterol, and of LDL B
protein. Of 254 relatives and spouses of the proband, 90.5% were
examined. A series of genetic models were explored using a pedigree
analysis where parameters reflecting frequency, transmission, and
penetrance of putative genotypes were examined simultaneously us-
ing a maximum likelihood approach. Segregation analysis of the sitos-
terol levels showed that the phenotype of sitosterolemia was con-
trolled by a rare autosomal recessive gene. There was also significant
familial correlation in plasma sitosterol levels that was attributed to a
polygenic component under a mixed model but could also be due to
shared environments such as diets. The recessive model was sup-
ported by our finding that the plasma sitosterol levels in the parents
and in six children born to three of the five sitosterolemics were less
than I mg/dl, well within the normal range.
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The phenotype of hyperapoB is based on an elevated level of LDL
B protein in the presence of a norma! LDL cholesterol level (low LDL
sterol to LDL B ratio). For both LDL sterol and LDL B, a polygenic
model showed a slightly greater improvement in In likelihood than did
the Mendelian single locus model when both were compared to a
sporadic model. Similar results were obtained for sterol levels of high
density (alpha) lipoprotein (HDL) sterol. When segregation analysis
was performed using the ratio of LDL sterol to LDL B, the Mendelian
single locus model gave a slightly better fit to the data than did the
polygenic model. While the analyses presented here provided une-
quivocal evidence for the recessive phenotype of phytosterolemia, we
also identified a possible single gene factor that could account for the
major portion of the strong familial aggregation in the ratio of LDL
sterol to LDL B, and to a lesser extent LDL B. However, there is
clear evidence of familial aggregation for these traits in this pedigree
beyond that due to Mendelian components.

INTRODUCTION

Sitosterolemia is a rare genetic disorder of lipid and lipoprotein metabolism in
which there is greatly increased intestinal absorption of dietary plant sterols
that are only minimally absorbed in normal individuals [1-9]. In sitosterolemia,
plasma levels of total plant sterols are elevated (range 13-37 mg/dl) and consti-
tute 7%-16% of the total plasma sterols [1]. Sitosterol is the plant sterol that is
predominately elevated (range 8-27 mg/dl), while the levels of campesterol and
stigmasterol are much lower. In normal individuals, the plasma concentration
of sitosterol is very low (range 0.3-1.7 mg/dl) and represents <1% of the total
plasma sterol [1]. The plasma levels of total and low density lipoprotein (LDL)
sterol remain normal or moderately elevated in sitosterolemia [1-9]. Each of
the 16 reported cases developed tendon xanthomas before the age of 10 years,
and atherosclerosis of the coronary arteries, aorta, and aortic valve (producing
aortic stenosis) occurred as early as the second decade of life [1-9].

Hyperapobetalipoproteinemia (hyperapoB) is a lipoprotein phenotype char-
acterized by an elevated plasma level of the major apoprotein of LDL, LDL B,
in the presence of a normal level of LDL cholesterol [ 10-12]. HyperapoB is due
to the presence of an increased number of LDL particles that are smaller,
denser, and relatively depleted in cholesterol and enriched in LDL B [12].
Thus, the elevated LDL B level in hyperapoB phenotype is often accompanied
by a low ratio of LDL cholesterol to LDL B. HyperapoB is strongly associated
with coronary artery disease [10-14]. In an Amish pedigree, and the original
family described by Bhattacharyya and Connor [2], we previously found the
hyperapoB phenotype in patients with sitosterolemia and xanthomatosis and in
their first-degree relatives without sitosterolemia [5].

Limited information is available about the inheritance of sitosterolemia [1].
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Few of the offspring of sitosterolemic patients with xanthomas have been
studied, but the presence of normal sitosterol levels in several pairs of parents
indicated that the disorder may be inherited as a recessive trait. Finally, the
data that indicated a relationship between the phenotype of hyperapoB and
sitosterolemia were limited to studies in two nuclear families mentioned above.

Here, we present further analyses of a large Amish pedigree designed to
identify possible Mendelian mechanisms controlling the plasma levels of sitos-
terol and the major carrier of plasma sterol, LDL, measured as both LDL sterol
and LDL B. The dataset presented here also permitted us to examine HDL
sterol. These data were used to examine several models of inheritance includ-
ing a Mendelian single locus mechanism, a polygenic model of inheritance, and
a mixed model including independent Mendelian and polygenic components.

METHODS

Sampling

A large Amish pedigree located in Lancaster County, Pennsylvania, was ascertained
through a 13-year-old boy who died suddenly and on postmortem was found to have
advanced atherosclerosis and xanthomatous plaques in one ankle [5]. Parents and sibs
of the proband were examined, and five of 12 sibs had tendon and tuberous xanthomas
and sitosterolemia [5]. Three sitosterolemic sibs and both parents of the proband
showed clinical evidence of coronary artery disease [5]. The eldest sib with sitosterol-
emia subsequently died suddenly at age 39. On postmortem examination, significant
aortic stenosis and coronary atherosclerosis of the right anterior descending coronary
artery were found in this sib. There was no evidence of myocardial infarction, however.
Of the 264 living relatives of the proband (fig. 1), 91% (240 individuals) were examined
and a blood sample obtained, including six children of the sitosterolemic patients.

All members of the pedigree were instructed to continue their usual diet and to fast for
at least 12 hrs before blood samples were drawn. Blood was collected using disodium
EDTA (1.5 mg/ml) as the anticoagulant, and aliquots of plasma were used for the lipid
and lipoprotein analyses. Separate aliquots were sealed in sterile vials and carried on
wet ice to the Montreal Laboratory for LDL B analyses or stored at - 20°C for future
analyses of the plant sterols. Ten individuals were excluded from analyses because they
were not fasting at least 12 hrs at the time blood was drawn, they were or had been
pregnant within the last 3 months, or they were breast feeding an infant at the time.

Measurement ol Plasma Lipid and Lipoprotein Levels

The total sterol content of plasma and the lipoprotein fractions were measured col-
orimetrically as described [15]. The method measures both cholesterol and plant sterols
[I]. The quantitative lipid and lipoprotein data are expressed as plasma total sterol and
lipoprotein sterol. The proportion of the total sterol that was plant sterol was determined
separately (see below). The plasma levels of total sterol and triglycerides and the con-
centrations of sterol in very low density (prebeta) lipoproteins (VLDL), LDL, and HDL
were determined using methods of the Lipid Research Clinics (LRC) Program [15].
Briefly, HDL sterol was determined in the supernatant following the precipitation of
LDL and VLDL with heparin sulfate and manganese chloride, and VLDL and LDL
sterol levels were measured following preparative ultracentrifugation of a separate ali-
quot of plasma.

MAeasuremnent of LDL B Protein

The content of LDL B protein in unfractionated plasma was measured in the Montreal
laboratory by radial immunodiffusion (RID) as described [10, 16]. This assay permits the
measurement of LDL B without interference from VLDL B [16].
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FIG. I.-Amish pedigree ascertained through the sudden death of a 13-year-old boy. Dead
individuals are noted by1 the solid syinbols.

Measiurement of Plasma Plant Sterols

Plasma samples from 238 members were analyzed for the presence of plant sterols by
gas-liquid chromatography (GLC) using the method of Ishikawa et al. [17] with minor
modifications. These data are expressed as sitosterol levels (mg/dl) since this was the
only plant sterol present in sufficient quantities in normal plasma to be detected by this
method. Briefly, plasma, which had been frozen, was thawed thoroughly and 250 pA
taken for analysis. Lipids in plasma were saponified for 15 min at 80'C with tetramethyl-
ammonium hydroxide isopropanol containing an internal standard (5 (x cholestane). The
samples were then extracted with tetrachloroethylene-methyl butyrate and partitioned
with water. The lower phase was dried under nitrogen, silylated, redried, taken up in
ethyl acetate, and an aliquot injected into the gas chromatograph. GLC was performed
at 2450C using a 3% OV- 17 column and a nitrogen flow of 30 cc/min. The area under the
curves for 5 a cholestane, cholesterol, and sitosterol were determined. Purified stan-
dards of cholesterol and sitosterol were subjected to GLC with each group of samples
studied. Aliquots of a plasma pool from a known phytosterolemic and from a normal
human pool were also used for similar analysis during each GLC run.

Data Analysis
Age and sex effects. The effect of age and sex on In-transformed plasma

levels of sitosterol was examined and found to be nonsignificant. Lipoprotein
sterol levels were In-transformed and regressed on age, age-, age3, and sex to
adjust for the effects of these covariates. No interaction between age and sex
were statistically significant in these data. This adjustment procedure ac-
counted for 13.4% of the observed variation in In(LDL sterol), 14.9% of the
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observed variation in In(LDL B), and 9.5% of the observed variation in ln(HDL
sterol) (only age and age2 terms were used here). Residual values were com-
puted for ln(LDL sterol), In(HDL sterol), and In(LDL B) for use in segregation
analysis. The ratio of LDL sterol to LDL B was also computed and used in a
segregation analysis, but since no significant association with either age or sex
was seen in these data, this ratio was used directly.

Segregation analysis. A series of genetic models were examined on this large
pedigree using the pedigree analysis package (PAP) where parameters reflecting
frequency, transmission, and penetrance of putative genotypes were estimated
simultaneously using a maximum likelihood approach [18]. A series of models
was examined, including a sporadic model, a polygenic model, a Mendelian
single-locus model, and a mixed Mendelian model with both major gene and
polygenic effects. Comparisons between hierarchical models were made by
comparing their maximum In-likelihoods. Under Wilkes' theorem, twice this
difference will asymptotically approach a chi-square distribution with degrees
of freedom equal to the difference in the number of parameters estimated in the
two models. Since here the sampling units are pedigrees and the data used here
is a single pedigree, we hesitate to rely strictly on the likelihood ratio statistic to
test hypotheses. Therefore, we provide the relative ln-likelihood of each model
compared to the minimal, sporadic model for each series of analyses.
We fit a hierarchical series of models, beginning with the sporadic model

where only an overall mean and variance were estimated and all pedigree
members were assumed to be independently sampled from a single normal
distribution. Under this minimal model, the phenotype X can be written as X
= ji + e, where the error term e represents unobserved factors leading to the
observed degree of variation about the overall mean V. Next, a polygenic
model of inheritance was fit, again with a common mean and variance esti-
mated, but, in addition, some correlation was allowed among relatives. Spe-
cifically, this polygenic model states that the phenotype X is X = A. + g + e,
where the genetic factors influencing the trait are commonly assumed to be
normally distributed deviations about the mean with variance Irg' and the unob-
served error term e absorbs the remaining variation. Thus, the total phenotypic
variation is the sum of these two components (i.e., & = oj + gel). Under this
model, the covariance between two relatives (or correlation if dealing with
standardized variables) is solely determined by their degree of kinship, that is,
for any two pedigree members I and J: Cov (Xi, Xj) = 2 Xij ag2, where Xii is the
kinship coefficient between I and J. When analyzing data using this polygenic
model, the proportion of variation in the observed phenotype that can be at-
tributable to differences in genes, that is, the heritability (= rg2/U) is es-
timated, along with the mean and the total variance.
As an alternative genetic model, a Mendelian single locus model was fit to the

data. Here, the underlying model is X = pli + e, where pi (i = 1, 2, 3) is the
genotypic mean for the three genotypes in a two-allele system, and the error
term e is assumed to be normally distributed about these means with some
constant variance, that is, e is assumed to be independent among relatives.
While this model corresponds to a Mendelian mechanism and is thus more
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biologically meaningful, it does require specification of more parameters than
the polygenic model. Here, the frequency of the one allele, the three genotypic
means, and the common variance about these means must be estimated. Fur-
thermore, the Mendelian model is not a subset of the polygenic model or vice
versa, so strict comparisons are difficult. To contrast these two competitors,
we also examined a third model that contains both types of genetic factors. This
mixed model allows both a single locus component and an independent poly-
genic component to influence the phenotype, that is, X = ptj + g + e, where
all three components are assumed to be independent. The parameters
to be estimated under this model include: three single locus genotypic means
(1'I, Pu2, and p4, the allele frequencies under Hardy-Weinberg equilibrium, the
normal variation about these genotypic means ((g2 + 0e2), and the proportion
of this variation that can be attributed to shared independently segregating
genes affecting the phenotype in an additive manner (i.e., the ratio Urg2/Ug +
re2). From this, the heritability can be calculated. The algorithm for computing
the likelihood functions of these separate models of inheritance [19] and the
algorithms for estimating these parameters have been described elsewhere [20].

RESULTS

Of the 230 relatives whose plasma was analyzed by GLC, 217 (117 males and
100 females) had data on sitosterol and met the criteria for inclusion (i.e., were
fasting and were not pregnant or nursing at the time). The distribution of In-
transformed sitosterol (after scaling away from the origin) in these 217 individ-
uals is shown in figure 2. The peak at left end of this distribution represents

Ln(sitosterol) in 217 members of an Amish pedigree
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Flw;. 2.-Distribution of In(sitosterol) in 217 members of an Amish pedigree. Sitosterol values in
mg/dl were scaled by a factor of 10 and shifted by 2 U away from the origin before In-
transformation. Thus, the median sitosterol value (0.6 mg/dl) corresponds to 2.08 on this scale.
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TABLE 1

SEGREGATION ANALYSIS OF lfl(SITOSTEROL) IN 217 RELATIVES IN AN AMISH PEDIGREE

ESTIMATED PARAMETERS

Standard RELATIVE
MODEL Mean deviation Frequency Heritability* In L

Sporadic ........................ 1.80 .968 ... ... 0
Polygenic ....................... 1.67 .775 ... .361 7.57
Recessive Mendelian ............. 1.70 .716 .937 ... 50.62

1.70 "
6.04 "

Recessive mixed ................. 1.69 .482 .937 .471 66.36
1.69 "
6.17 "

* In this and subsequent tables, heritability is computed as the ratio of polygenic variance to the total variance
(rg,,2gr + cmg + 0e2).

both those with only trace amounts of sitosterol (46 individuals) and those in
whom no sitosterol was detected at all. Results of fitting these data are pre-
sented in table 1. The relative In likelihoods shown in the last column of the
table are the difference in in likelihoods between each model and the sporadic
model. In general, if there is any familial aggregation of the trait, one must
expect some improvement in In likelihood of either the polygenic or the Men-
delian model compared to the minimal sporadic model. Table 1 clearly shows
that the recessive Mendelian model gives a far better fit to the data than the
sporadic model or even than the polygenic model for ln(sitosterol) data. This is
not surprising since the high levels of sitosterol clustered in a single sibship.
The estimated gene frequency in this Mendelian model strongly suggests that
the sitosterolemia seen in this pedigree is caused by a rare recessive gene.
Although not shown here, a codominant model was also examined and was not
significantly better than the recessive model.
A generalized single locus model was also examined on this pedigree, where

the probability of transmitting the putative normal allele was estimated in addi-
tion to the parameters of the recessive mixed model listed in table 1. The like-
lihood function of this generalized model failed to maximize within the per-
missible range for these probabilities (the estimated probability of the putative
normal homozygote hit the upper boundary at 1.0, while that for the puta-
tive recessive homozygote hit the lower boundary at 0). When only the trans-
mission probability of the heterozygote was estimated (along with the other
parameters listed in the last row of table 1), its maximum likelihood estimate
(MLE) was .41 ± .11, which was not significantly different from the Mendelian
expectation of .5.

This recessive model is supported by our findings in the parents of the sitos-
terolemia and in the six children born to three of the five sitosterolemics: five of
six children had only trace amounts of sitosterol and the plasma levels in the
remaining child of a sitosterolemic and both parents were < 1 mg/dl, well
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TABLE 2

SEGREGATION ANALYSIS OF RESIDUAL ln(LDL B) IN 230 RELATIVES IN AN AMISH PEDIGREE

Es1 MATED PARAMETERS

Standard RELAEIVF
MODEL Mean deviation Frequency Heritability In L

Sporadic ........................ 4.74 .253 ... ... 0

Polygenic ....................... 4.65 .145 ... .659 27.16

Mendelian ...................... 4.56 .174 .862 ... 26.93
4.91 PI

5.05 "
Mixed .......................... 4.59 .125 .909 .430 31.60

4.93 "
4.90 PI

within the normal range. However, there is significant familial correlation in
ln(sitosterol) levels over and above the effects of this rare allele, as demon-
strated by the further increase in the relative In likelihood seen in a recessive
mixed model. A statistically significant polygenic component is seen in this
model (X2 = 31.5 with 1 d.f., P < .001), which accounts for 47.1% of the
variability in ln(sitosterol) after the difference in genotypic means is consid-
ered.
The results of fitting these models on residual ln(LDL B), residual In(LDL

sterol), residual In(HDL sterol), and the ratio of LDL sterol to LDL B levels in
230 members of this Amish pedigree with lipoprotein data (124 males and 106
females) are shown in tables 2-5. Table 2 shows the results of fitting these
models on residual ln(LDL B), and we do see that both the polygenic model
and the Mendelian model result in an improvement in the In likelihood over the
sporadic model, the former model giving a slightly greater improvement than
the latter. By subtracting the relative In likelihood of the Mendelian model from
that for the mixed model, we can obtain a test statistic for the null hypothesis
that there is no genetic variation in the distribution of residual ln(LDL B), that
is, a2g = 0. Twice this difference is an approximate chi-square test statistic and
was 9.34 with I d.f. (P = .002), which allows us to reject this null hypothesis. A
similar test statistic computed by subtracting the relative In likelihood of the
polygenic and mixed models was 8.88 with 3 d.f. (P = .03), which allows
rejection of the null hypothesis that there is no Mendelian component, but not
as strongly. Thus, the most parsimonious model for the control of residual
ln(LDL B) is the mixed model where 43% of the variation in residual ln(LDL B)
is attributed to unobserved polygenic factors in this Amish pedigree and 29% is
attributed to a Mendelian component.

Table 3 shows the results of a similar analysis on residual ln(LDL sterol).
Here again the polygenic model shows a slightly greater improvement in In
likelihood compared to the sporadic model than does the Mendelian single
locus model, and the null hypothesis of no polygenic component was rejected
(the test statistic was 4.60 with 1 d.f., P = .03). The null hypothesis of no
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TABLE 3

SEGREGATION ANALYSIS OF RESIDUAL ln(LDL-STEROL) IN 230 RELATIVES IN AN AMISH PEDIGREE

ESTIMATED PARAMETERS

Standard RELATIVE
MODEL Mean deviation Frequency Heritability In L

Sporadic ........................ 4.87 .314 ... ... 0
Polygenic ....................... 4.74 .182 ... .655 26.29
Mendelian ...................... 4.62 .211 .811 ... 25.71

4.98 "
5.29 "

Mixed .......................... 4.62 .191 .815 .190 28.01
4.94 "
5.22 "

Mendelian component could not be rejected for this trait (the test statistic was
3.4 with 3 d.f.). Essentially, these two competing models gave very similar fits
to these data, as judged by the relative In likelihoods. However, the variation
attributed to the additive genetic component (65.5% + 11.0) under the poly-
genic model was slightly greater than the computed variation due to the puta-
tive major gene (urmg2 = 45.8%) under the simple Mendelian model.

Table 4 shows the results of segregation analysis using the ratio of LDL
sterol to LDL B. Here, the Mendelian single locus model gave a slightly better
fit to the data than did the polygenic model, as judged by the relative In likeli-
hood (table 4). Under this Mendelian model, three genotypic means were es-
timated and they suggest a codominant expression of the putative allele for a

low ratio of LDL sterol to LDL B. Comparisons among these models favor the
mixed model since both the Mendelian component and the polygenic compo-
nent were statistically significant (the test statistic for the former was 12.6 with
3 d.f., P = .006, and was 11.6 with 1 d.f., P = .0006, for the latter). Under this

TABLE 4

SEGREGATION ANALYSIS OF THE RATIO OF LDL STEROL TO LDL B PROTEIN IN 230 RELATIVES
IN AN AMISH PEDIGREE

ESTIMATED PARAMETERS

Standard RELATIVE
MODEL Mean deviation Frequency Heritability In L

Sporadic ........................ I.15 .189 ... ... 0
Polygenic ....................... 1.11 .128 ... .559 12.10
Mendelian ...................... 1.08 .151 .867 ... 12.56

1.23 it

1.64 t

Mixed .......................... 1.08 .114 .705 .105 18.38
1.27 "
1.89 "
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TABLE 5

SEGREGATION ANALYSIS OF RESIDUAL ln-HDL STEROL IN 230 RELATIVES IN AN AMISH PEDIGREE

ESTIMATED PARAMETERS

Standard RELATIVE
MODEL Mean deviation Frequency Heritability In L

Sporadic ........................ 3.94 .236 ... ... 0
Polygenic ....................... 3.94 .176 ... .472 7.48
Mendelian ...................... 3.43 .175 .245 ... 9.35

4.10 "
3.83 "

Mixed .......................... 3.46 .143 .260 .357 14.74
3.96 "
3.98 "

mixed model, the putative Mendelian component accounted for 80% of the
variation in the ratio of LDL sterol to LDL B, with an additional 10.5% at-
tributable to polygenic factors.
Table 5 shows results of a similar series of models evaluated using residual

ln(HDL sterol). Although the estimated genotypic means for the mixed model
would suggest a dominant gene influencing residual ln(HDL sterol) levels, the
polygenic component accounted for slightly more of the total variation in resid-
ual ln(HDL sterol). The most parsimonious model for these data was a mixed
model where 35.6% of the total variation in residual ln(HDL sterol) is attributed
to polygenic factors and 28.8% was attributable to a single Mendelian locus.

DISCUSSION

The analysis of sitosterol levels in this large pedigree clearly suggests sitos-
terolemia is an autosomal recessive trait. The findings presented here, espe-
cially the exact parameter estimates, must be viewed with caution, however,
because this single large pedigree is not a representative sample of the Amish
population since it was ascertained through a proband with premature coronary
artery disease. The proband died suddenly, and thus no information was avail-
able on his sitosterol or lipoprotein values. To properly consider the effects of
ascertainment in this situation, it would be necessary to conduct a bivariate
analysis of coronary artery disease and each of the quantitative measures pre-
sented here. However, complete medical histories were not available for the
members of this pedigree so this type of analysis is not possible. In an effort to
assess the impact of ascertainment on the recessive mixed model shown in
table 1, we arbitrarily assigned the proband an In-sitosterol equal to the mean of
the sitosterolemic group seen in figure 2. The likelihood of the recessive mixed
model was then maximized after conditioning on this assigned value. Final
parameter estimates were changed very little under this ascertainment correc-
tion, except for the estimated gene frequency which was closer to 1.0, em-
phasizing the rarity of the putative sitosterolemic allele.
The level of inbreeding in this pedigree due to the reproductive isolation of
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the Amish population will lead to a deficiency in the number of heterozygotes
relative to a random mating population, so the estimated allele frequency
shown in table1 must be interpreted with extreme caution for this reason also.
The Amish population in Lancaster, Pennsylvania, was founded by a relatively
small group of individuals and has been reproductively isolated since its begin-
ning. This fact results in a nonzero background level of inbreeding in current
Amish population. Based on genealogical data covering this population for
more than 10 generations, the mean inbreeding coefficient of the first 2 genera-
tions of this pedigree was estimated at .002752 [21]. When this low level of
inbreeding was considered in the computation of genotypic frequencies for
founders of this pedigree, there was a negligible impact on the estimated geno-
typic means and standard deviation shown in table 1.

It is also important to realize that the apparent high level of polygenic varia-
tion in the recessive mixed model forIn(sitosterol) may not reflectjust genetic
differences among relatives, but could also be due to shared environmental
factors influencing sitosterol levels. Diet is one important factor that could lead
to a level of familial correlation that could mimic polygenic variation, although
no data on diet was available in this study. The fact that the sitosterol levels
were significantly correlated between spouses (r =.30+ .14) suggests a rela-
tion between environment (perhaps diet) and the level of sitosterol. While the
plasma level of sitosterol in these relatives is low, median value was 0.6 mg/dl,
these analyses indicate that perhaps dietary intake of plant sterols does in-
fluence the subsequent plasma levels despite minimal absorption in normal
individuals. This tenet is compatible with studies of Mellies et al. [22] who
found that normal infants fed formulas containing high amounts of plant sterols
from vegetable oil developed considerable amounts of sitosterol in their plasma
(up to 9 mg/dl). Further, these same workers showed that sitosterol was de-
tected in the aorta of infants fed vegetable oil-rich formulas [23].
The studies of sterol and apoprotein levels in LDL showed a high level of

familial aggregation in this Amish pedigree and provided evidence of direct
Mendelian control of the ratio of LDL sterol to LDL B and, to a lesser extent,
of LDL B to HDL sterol. The putative Mendelian component for the ratio of
LDL sterol to LDL B accounted for 80% of the variation in this trait.
No evidence of a Mendelian component for LDL sterol itself, such as that

seen with the LDL receptor mutants in familial hypercholesterolemia (FH)
[24], was detected in this pedigree. The estimated heritabilities presented here,
however, must also be interpreted with some degree of caution because of the
background level of inbreeding. Using the inbreeding value for the founders of
this pedigree and the estimated heritabilities from table 5, one can estimate a
baseline heritability in a hypothetical random mating population from which the
founders of the Amish were drawn [25]. However, this adjustment results in a
very minor change in the final estimators; for example, the estimated heritabil-
ity for residual In(LDL sterol) was 65.5% from this pedigree, while the approxi-
mate heritability in the absence of inbreeding would be 65.6%. Thus, any effect
of inbreeding is much less than the error variance from this analysis.
The association of the hyperapoB phenotype with sitosterolemia was sug-
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gested in our original report of part of this pedigree [5]. There the definition of
hyperapoB was based on an elevated level of LDL B protein in the presence of
normal LDL cholesterol level. The ratio of LDL sterol to LDL B in those with
the hyperapoB phenotype is usually between 1.0 and 1.2 but may vary from 0.6
to 1.3 [26]. In normal individuals, the ratio of LDL sterol to LDL B may vary
from 1.0 to 1.8, leading to overlap in the distributions of the ratio between
normals and those with hyperapoB. Further, some patients, such as those with
FH, have an elevated LDL B but a normal or even elevated ratio of LDL sterol
to LDL B, leading to an overlap in the distributions of LDL B levels between
those with hyperapoB and those with FH. Since the phenotype of hyperapoB
as now used implies the presence of an elevated number of LDL particles of
abnormal composition, use of either an LDL B level alone, or the ratio of LDL
sterol to LDL B protein alone, will not permit an optimal definition of the
hyperapoB phenotype. Further work is in progress to develop analyses that
will allow the concomitant assessment of the increase in the number of LDL
particles and their altered composition.
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